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Summary
Objective: Cartilage swelling is an early event in osteoarthritis (OA). However, the response of chondrocytes to increased tissue hydration
is unknown. This work studied the volume and morphology of living in situ human chondrocytes as a function of cartilage degeneration.
Methods: The tibial plateaus from knee joints of 40 patients were obtained following above-knee amputations or knee arthroplasty, and
degree of cartilage degeneration from 0 (non-eroded) to 3 (extensive fibrillations) was assessed using several criteria. In situ chondrocytes
were labeled with fluorescent indicators (calcein for living cells, propidium iodide for dead cells) permitting the quantification of volume and
visualisation of morphology of cells within the cartilage zones by confocal scanning laser microscopy (CLSM).
Results: Chondrocyte volume within superficial and mid-zones, but not of deep zone cells, increased significantly (P<0.05 and P<0.02,
respectively; one-way analysis of variance), with degree of cartilage hydration and degeneration. The volume increase (∼90% for mid-zone
chondrocytes, grade 3 cartilage) was greater than that which might occur following loss/excision of sub-chondral bone (<15% swelling). The
CLSM technique utilised here revealed that approximately 40% of chondrocytes within all cartilage grades exhibited at least one cytoplasmic
processes of <8 µm. The presence of these processes did not indicate a cell body of larger volume than cells without processes, and did not
contribute to cell volume.
Conclusions: The volume of in situ chondrocytes within the superficial and mid-zones increased with cartilage degeneration. Cell swelling
was greater than that expected from the increased hydration in OA, suggesting that an increase in chondrocyte volume might play a role in
the changes to matrix metabolism occurring in OA.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Science Ltd. All rights reserved.
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Introduction
One of the earliest macroscopic changes associated with
osteoarthrosis (also termed osteoarthritis, OA) is increased
cartilage hydration. This has been observed, for example,
in human femoral head1 and femoral condyle2, in the
canine model of OA3 and in a spontaneous model of OA as
visualised by magnetic resonance imaging4. Cartilage
swelling occurs before significant cartilage loss and prob-
ably arises from a reduction in the elastic restraint of the
collagen network allowing the glycosaminoglycans (GAGs)
within the fibrillated tissue to swell to a greater degree of
hydration5. When expressed as the ratio of cartilage water
weight to dry weight, the water content of OA femoral head
cartilage can increase by ∼60%6. The fragility of degener-
ate cartilage is also illustrated by the fact that excision from
the underlying bone results in further cartilage swelling
compared to non-fibrillated tissue5. This is evident in the
mid-zone because the GAG content is highest in this region
of the extracellular matrix (ECM; reference 1). Non-
fibrillated (i.e. non-eroded) human cartilage does not, how-
ever, swell when removed from sub-chondral bone even
when placed in hypotonic solutions1. In contrast to the
increased hydration of OA, the ageing of cartilage is
associated with a significant reduction in tissue hydration7.
The consequences of this early swelling evident in OA
cartilage are highly significant because of the dilution of the
matrix GAGs. For example, the cartilage has a reduced
load-bearing capacity8 and a decreased hydraulic
permeability9. There are also changes to the physico-
chemical environment of chondrocytes at rest and more
marked variations during static load arising from fluid
expression/imbibition in degenerate cartilage compared to
healthy cartilage1. The reduced osmolarity and ionic con-
tent of the interstitial fluid resulting from the decreased
GAG concentration will influence the balance between
ECM synthesis and degradation, with the effects being
mediated through changes to chondrocyte volume and/or
intracellular ionic composition10–12. Thus, an understand-
ing of the influence of such early changes on chondrocyte
behaviour could represent an important step in determining
factors that influence the cartilage loss that occurs as the
syndrome progresses.
The study of chondrocyte properties as a function of the
degree of cartilage degeneration is not necessarily straight-
forward. It is important to maintain and study the cells under
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conditions as close as possible to those present within the
intact cartilage. This is not easy since in order to investigate
chondrocytes within the full depth from the cartilage surface
through to the cartilage–bone interface, it is necessary to
take explants as far as possible with sub-chondral bone
attached. This latter point is significant since removal of
bone from degenerate cartilage can cause increased tissue
hydration5, and could lead to an over-estimate of cell
volume. However, because of the quality of sub-chondral
bone, this is not always possible and hence it is important
to assess the effects of bone removal on cartilage hydration
and chondrocyte volume. In addition, studies on chondro-
cyte morphology and quantification of cell volume should
be performed on living cells with the minimum of perturba-
tion, and requires a technique that avoids the chemical
fixing of the tissue and permits the visualisation of the cells
within their native environment.
This study utilised confocal scanning laser microscopy
(CLSM) to determine the volume and morphology of living
fluorescently labelled in situ chondrocytes situated in differ-
ent cartilage zones within non-eroded and degenerate
human tibial plateau cartilage. The CLSM technique
revealed fine cytoplasmic processes extending from the
cell body of a large proportion of chondrocytes of all
cartilage grades. This property of chondrocytes has not yet
to our knowledge been reported but had to be taken into
account when assessing cell volumes. However, neither
the fact that these cells had processes, nor the volume of
the processes themselves significantly influenced the
measured chondrocyte volumes. With increasing degree of
cartilage degeneration, there was an increase in the vol-
ume of chondrocytes within the superficial and mid-zones.
However, the similar trend for deep zone cells was not
significant. Some of this work has been presented in
preliminary form13.
Materials and methods
BIOCHEMICALS AND SOLUTIONS
Calcein-AM (1 mM stock solution in DMSO) and pro-
pidium iodide (PI; 1 mM stock aqueous solution) were
obtained from Cambridge Bioscience, Cambridge, UK. The
tissue culture medium was serum-free Dulbecco’s modified
Eagle’s medium (DMEM) with (N-[2-hydroxyethylpip-
erazine-N′-[2-ethanesulphonic acid]; HEPES; 10 mM) con-
taining penicillin (50 units ml−1) and streptomycin
(50 µg ml−1; 280 mOsm kg−1 H2O; pH 7.4), all purchased
from the Sigma-Aldrich Co. Ltd. (Poole, UK).
HUMAN ARTICULAR CARTILAGE AND ITS PREPARATION FOR CLSM
Cartilage was obtained with ethical permission from the
tibial plateau of patients (n34, 14 male, 20 female; age
range 46–78 yrs, average 67 yrs) undergoing total knee
arthroplasty exhibiting various stages of clinically identified
OA. Cartilage was also obtained from above-knee amputa-
tions from patients with peripheral vasculitis (n6; 3 male:
3 female, age range 55–78 yrs, average 65 yrs).
TISSUE GRADING
The grading of human tibial plateau cartilage was deter-
mined initially by a standard visual assessment14 and then
a more detailed confirmation of the grade in transverse
sections of cartilage by CLSM. Identification of cartilage
regions not protected by the meniscus was performed, and
gross cartilage morphology and appearance of the carti-
lage surface in particular the extent of fibrillation/splitting of
the superficial surface noted. Once regions of interest had
been selected, explants were taken, and transverse sec-
tions prepared for CLSM (see below). A low power (×10
objective) view was taken by CLSM, and the degree of
cartilage surface erosion and general morphology and
orientation of fluorescently labelled chondrocytes within the
full depth (surface region to bone) of the explant recorded
(see Fig. 1). The morphology and volume of in situ
chondrocytes within these transverse sections were then
studied in more detail at high magnification (×63 objective).
The visualisation of cartilage properties by gross and
microscopic methods permitted an accurate and reproduc-
ible procedure for determining cartilage grade.
CARTILAGE PREPARATION FOR CLSM
Tissue for CLSM was prepared using methods similar to
those described previously12. Briefly, cartilage was excised
from weight-bearing regions of both medial and lateral
surfaces not protected by the overlying meniscus. We
attempted to remove all samples with underlying bone
attached, however, due to the state of the tissue and
sub-chondral bone this was not always possible. Tissue
was then sectioned perpendicular to the articular surface
using a fresh scalpel blade for each slice to give explants of
∼1 mm thickness. The tissue was then incubated with
calcein-AM (5 µM, 30 min at 37°C), which was cleaved by
intracellular esterases to release calcein. Also present was
PI (6 µM), a dye that fluoresces when bound to DNA but
which was impermeable to viable cells. This permitted the
simultaneous visualisation of living or dead chondrocytes,
respectively. Cartilage slices were then mounted trans-
versely on a plastic Petri dish and one end of the tissue
(distant from that to be viewed) attached using cyano-
acrylate glue. This gave the full depth of the explant to be
observed by CLSM from the articular surface through to the
deep zone (Fig. 1). Dead cells near the cut surface were
ignored. In situ chondrocytes were first categorised using
morphology and distribution criteria into cells situated
within the superficial zone (SZ), mid-zone (MZ; ‘transitional
zone’) and deep zone (DZ) (see reference 15). Careful
observation of chondrocyte morphology revealed that com-
plex cytoplasmic processes were frequently present (see
Fig. 2).
ACQUISITION OF IN SITU CHONDROCYTE IMAGES BY CLSM
An upright Leica-TCSNT or a Zeiss Axioskop LSM510
confocal microscope fitted with ×10 (dry) and 63× (water-
immersion) objectives, were used to acquire fluorescent
images of in situ chondrocytes at 21°C12. Images at high-
power magnification comprising typically 40×1 µm z incre-
ments were taken. Calcein and PI were imaged with
excitation wavelengths (EXλ) of 488 nm (argon laser)
and 543 nm (He–Ne laser), respectively, with emission
measured with a bandpass filter of 500–530 nm, and a long
pass 560 nm filter respectively. Laser power and detector
sensitivity were adjusted to provide optimum image quality
without excessive dye bleaching or pixel saturation. Scan-
ning speed was typically 0.6 Hz with two-frame integration
of a 512×512 pixel image, representing ∼150 µm2. Calibra-
tions were frequently performed using Fluoresbrite™
10.16±0.1 µm diameter fluorescent latex beads (Poly-
science Inc., Warrington, US). For some experiments, an
initial control image was taken, then after either removal of
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the bone, or the exchange of media with distilled water,
subsequent images of the same field of view were acquired
at specific time points.
IMAGING AND ANALYSIS OF IN SITU CHONDROCYTE VOLUME AND
MORPHOLOGY
CLSM provides three-dimensional information, which
can be reconstructed using imaging software to give
quantitative data about the volume of imaged in situ
chondrocytes. The use of a water-immersion lens fitted to
an upright microscope, yielded images which did not
require complex post-acquisition image analysis to correct
for image artifacts12. To correctly measure the volume of an
object, it was necessary to accurately determine the cell
edge. This was achieved using a 40% baseline threshold
segmentation method for each cell using Imaris and Vox-
elShopPro software (Bitplane, Zurich, Switzerland), running
on a Silicon Graphics Octane II workstation (California, US)
as described for in situ bovine chondrocytes12,16. This took
account of variations in fluorescence intensity of individual
chondrocytes, permitting the accurate determination of the
cell edge12,16.
WET AND DRY WEIGHT TISSUE MEASUREMENTS
The tibial plateaus of joints obtained by total knee arthro-
plasty exhibiting various stages of cartilage degeneration
were graded as described above, and from these areas,
explants with sub-chondral bone were removed. The carti-
lage was immediately blotted to remove surface liquid and
weighed to ±1 mg in a humidified chamber. This weight was
defined as the initial wet weight (wwi). The tissue was then
placed in DMEM (280 mOsm) and incubated for 4 h (37°C;
pH 7.4). The samples were then removed, blotted and
re-weighed as before. This weight was defined as the final
wet weight (wwf) and the percentage of change given as
wwf/wwi×100%. The dry weight (dw) measurements were
performed after the tissue had been dried to constant
weight and data were expressed as wwi/dw×100%.
STATISTICAL ANALYSIS
Data were expressed as means±S.E.M. obtained from the
number of joints (n) and cells (N) studied. Differences
between the means of two groups were determined by
Student’s unpaired t-tests and trends analysed by one-way
Fig. 1. An overview of the morphology of human tibial articular cartilage as a function of cartilage grade. Panel (a) shows four low power (×5
objective lens) projected images obtained by CLSM (∼100 µm depth) of articular cartilage exhibiting the four levels of erosion as graded in
the present study (see Materials and methods). Grade 0 cartilage showed no surface erosion, whereas grade 1 exhibited clear signs of
surface roughness. This was increased for grade 2 cartilage where there was marked loss of the SZ. Finally grade 3 tissue demonstrated
complete loss of the SZ with erosion extending into the MZ and beyond. The chondrocytes were labeled with the cytoplasmic fluorescent dye
calcein (live cells; bright spots); extracellular matrix autofluorescence was also visualised to highlight the surface erosion grading described
above. Scale bar=100 µm. Panel (b) shows superimposed 1 µm z-sections through human articular cartilage obtained by CLSM (∼40 optical
sections obtained using ×63 water-immersion objective lens). For the purpose of this study, chondrocytes were broadly grouped into those
within the SZ, MZ, and DZ. Chondrocytes were labeled with the cytoplasmic fluorescent dye calcein (as described in Materials and methods).
The orientation of the cartilage is indicated by the articular surface (AS) at the top of the figure. Scale bar=10 µm.
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analysis of variance (ANOVA). The reported P value was
considered significant if P<0.05. Where significant differ-
ences were reported using an ANOVA, a further Student–
Neuman Keul’s (SNK) all-pairs comparison was performed.
Results
TISSUE HARVESTING AND GRADING OF HUMAN TIBIAL PLATEAU
ARTICULAR CARTILAGE
The first step was to develop a simple grading system
appropriate for tibial plateau cartilage as determined by the
gross appearance of the cartilage surface, and by chondro-
cyte morphology and surface erosion as visualised by
CLSM. This was to permit comparison between the volume
and morphology of chondrocytes within cartilage exhibiting
different levels of degeneration. While much of the cartilage
was relatively degenerate, because of the focal nature of
cartilage degeneration it was frequently possible to obtain
cartilage explants that was non-degenerate. Fig. 1(a)
shows low-power CLSM projected images of transverse
sections of cartilage representative of the grades studied to
broadly define levels of cartilage erosion.
Although taken from a degenerate joint, when present
grade 0 tissue had the appearance of normal healthy
cartilage, and showed a clearly defined smooth, shiny
surface with no evidence of erosion. A clear SZ was evident
containing flattened/ellipsoid chondrocytes mostly orien-
tated parallel to the cartilage surface. Fig. 1(b) shows a
representative CLSM image of chondrocyte distribution
and classical morphology of grade 0 cartilage as described
by others15 taken at higher magnification. Chondrocytes
were divided into three groups based on their morphology,
orientation, and distance from the articular surface.
Chondrocytes nearest the articular surface, which tended
to be flatter and orientated parallel to the surface, were
designated as SZ cells. Those that were beneath these and
were semi-ellipsoidal or more spheroidal and tended to
exist in pairs, were considered to be MZ chondrocytes. The
cells of the third zone were characterised by chondrocytes
that were more rounded and tended to lie in columns
running perpendicular to the AS; these were classified as
DZ cells. Grade 1 cartilage showed signs of surface rough-
ness [Fig. 1(a)], with occasional cell loss from the SZ as
identified by empty lacunae (P. G. Bush, unpublished
observations). Grade 2 cartilage demonstrated more exten-
sive surface roughness and some superficial fibrillation/
splitting with a clear loss of the majority of the SZ. In grade
3 cartilage, there was complete loss of the SZ, with a very
uneven and ragged ‘surface’ region and clear fibrillation
into the MZ, often extending to the DZ. Chondro-
cyte clumping (see references 17–19) was occasionally
observed adjacent to severe cartilage fibrillations.
CHANGES TO CARTILAGE HYDRATION FOLLOWING REMOVAL OF
SUB-CHONDRAL BONE
It was preferable to observe in situ chondrocytes within
cartilage with bone attached. Ideally, this would be per-
formed by placing the immersion lens at the synovial
surface and imaging cells throughout the full cartilage
depth to the bone. However, using CLSM, it was not
possible to image chondrocytes deeper than ∼80 µm from
the surface because of significant loss of image quality. It
was thus necessary to excise cartilage explants with bone
attached, and cut transverse sections so that chondrocytes
within the SZ through to the DZ could be imaged optimally.
However, for degenerate cartilage samples, it was often
difficult to ensure that adequate bone was attached.
Indeed, even when bone was present for these samples,
there was concern that tissue swelling could still occur6
leading to an over-estimate in cell volume compared to that
of in situ chondrocytes with sub-chondral bone attached.
Thus, it was important to clarify the changes to cartilage
hydration and hence cell hydration that could occur and
determine whether they influenced in situ cell volume
measurements.
Table I shows that there was no significant change to the
‘as cut’ wet weight (w/w) of grade 0 or 1 cartilage following
incubation in DMEM (P>0.05; Student’s t-test). There was,
however, a significant trend for the wet weight to increase
with degree of cartilage degeneration for grade 0 through to
grade 3 cartilage (P<0.0001; one-way ANOVA). Grade 2
cartilage showed an increase in wet weight following incu-
bation, which correlated with the development of marked
surface erosion previously described (Fig. 1). Grade 3
cartilage showed the largest increase in w/w of nearly a
third compared to its original ‘as cut’ w/w. The ‘as cut’ wet
weight as a percentage of the dry weight was ∼72% in
Grade 0 cartilage, rising to 78% in severely fibrillated
(grade 3) cartilage, which was similar to that of other
cartilages6. The increase in both w/w and wet weight
expressed as a percentage of the dry weight with degree
of cartilage degeneration from grade 0 to grade 3 was
significant (P<0.01; one-way ANOVA).
A more direct measurement of the influence of bone
removal on chondrocyte volume was performed by CLSM
on in situ cells. Specific and easily identifiable groups of MZ
chondrocytes within grade 2 cartilage when on the bone
were identified and the volumes of the cells determined.
The bone was then excised and the same cells re-located
Fig. 2. Abnormal morphology of in situ human articular chondro-
cytes. Superimposed 1 µm z-sections through human articular
cartilage were obtained by CLSM (∼40 optical sections obtained
using ×63 water-immersion objective lens). This image was ob-
tained without any thresholding being applied. In this representa-
tive example, deep zone cells are shown, some of which exhibit
cytoplasmic cellular processes (identified by arrows). Chondro-
cytes were labeled with the cytoplasmic fluorescent dye calcein (as
described in Materials and methods). Scale bar=10 µm.
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and imaged as soon as possible (20 min) and again after
2 h. After 20 min and 2 h, the volume of the cells was
100±7% and 97±6% (3[12]), respectively, of the initial cell
volume and was not different (P>0.05; Student’s paired
t-test) from the initial volume. Although changes to cell
volume might have occurred as a result of increased
cartilage hydration following excision of bone, after 20 min,
the volume had returned to initial levels, possibly as a result
of regulatory volume decrease (RVD).
The lack of a change in volume could be because the
cells were unable to swell as a result of the surrounding
ECM. This appeared unlikely since we have previously
shown that the swelling of bovine chondrocytes in healthy
cartilage over a range of osmolarities followed that pre-
dicted by an osmometer12. Nevertheless, to check this in
human cartilage, experiments were performed on chondro-
cytes within grade 1 cartilage to determine whether the
cells could swell. A high-powered (×63 objective) image
was acquired of MZ cells within cartilage when incubated in
DMEM (280 mOsm). The medium was then rapidly
changed to that of dH2O (0 mOsm) and after 90 s, a second
image of the same field of view acquired. This image was
timed so as to capture the maximum cell swelling before
RVD16. There were a large increase in cell volume of
530±129 to 1160±260 µm3 (N11), an increase of
221±32%. This suggests that the lack of change in cell
volume following removal of sub-chondral bone was not
due to the inability of these cells to swell.
ABNORMAL MORPHOLOGY OF IN SITU CHONDROCYTES
High-magnification images of chondrocytes viewed by
CLSM, but before thresholding, showed a surprising
number of cells (∼40%) with cytoplasmic processes ema-
nating from the cell body (Fig. 2). The processes were
typically <1 µm in diameter and of variable length, but in
extreme and rare cases were up to 80 µm long. The
pericellular matrix surrounding individual chondrocytes
varies, but in general appears to be ∼8 µm thick20. Hence,
some of the processes (<8 µm in length) would probably
be within the chondron, whilst processes of >8 µm in
length, were likely to extend into the territorial matrix. The
number of processes per cell also varied, ranging from
one (typically) to five (rarely). In a few very rare cases,
chondrocytes within extensively fibrillated grade 3 carti-
lage had more than one very long (20–50 µm) process.
Fig. 3 illustrates examples of surface-rendered MZ
chondrocyte images with different morphology. This
morphology complicated measurements of in situ chon-
drocyte volume and required further investigation. The
processes could (a) contribute a significant, albeit small
volume to total cell volume, and/or (b) although the
volume of processes might be small, their presence could
indicate a cell population whose cell body had a different
volume from that of morphologically normal chondrocytes.
Thus, in order to determine chondrocyte volume as a
function of cartilage grade, it was important to assess
Table I
Changes to the wet weights of human tibial plateau cartilage of different grades following excision from sub-chondral bone
Tissue grade Final wet weight:initial wet weight (% change) Initial wet weight:dry weight (%)
0 3.88±2.22 (4) 72.3±3.99 (2)
1 5.12±1.85 (6) 73.9±0.62 (3)
2 20.2±2.00 (5) 76.2±0.22 (3)
3 30.8±2.95 (2) 77.7±0.64 (5)
Cartilage was graded as described (see Materials and methods) and removed from sub-chondral bone and immediately weighed ‘as cut’.
The tissue samples were then incubated for 4 h in DMEM (280 mOsm) then re-weighed and calculated as the ‘wet weight increase’ (%),
(wwf/wwi×100%; see Materials and methods). The initial wet weight as a function of the dry weight was determined by drying tissue samples
to constant weight and expressed as the ‘initial wet weight:dry weight‘ (%) (wwi/dw×100%; see Materials and methods). Data are expressed
as means±S.E.M. (from n joints) with ≥3 determinations being performed on cartilage of each grade from each joint. There was a significant
increase in cartilage wet weight when measured as a percent of the initial wet weight or the dry weight as a function of cartilage grade
(P<0.0001; ANOVA). Further investigation by all-pairs Student–Newman Keul’s comparison indicated that with the exception of grade 0 and
grade 1, data pairs for both wet weights and dry weights were significantly different (P<0.05).
Fig. 3. Examples of morphologically abnormal human articular midzone chondrocytes. This figure illustrates features that were used to
describe in situ midzone chondrocytes with varying morphologies. The chondrocytes in this zone were (a) ‘morphologically normal’ and
spheroidal with a relatively smooth surface. Some cells as illustrated in (b), had a single small (<8 µm) cytoplasmic processes, whereas in
others as shown in (c), the single process from one chondrocyte extended by more than 8 µm. Occasionally, as shown in the example in (d),
a single chondrocyte had multiple processes, some of which were greater than 8 µm. Files were obtained by CLSM (1 µm z-sections; ×63
water-dipping objective lens) and a three-dimensional surface-rendered image constructed with Bitplane Surpass software, using a threshold
level which was optimised for illustrating cell morphology. Lighting effects were added to emphasise the three-dimensional nature of the
surface rendered images. Scale bar=10 µm.
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the volume of chondrocytes exhibiting abnormal
morphology.
The baseline threshold (40%) method for volume
measurements (see Materials and methods), usually
resulted in the masking of some of these processes and
hence reduction of their contribution to total cell volume. A
simple calculation would, in any case, imply a maximum
contribution for a single process of length ∼7 µm and
diameter of ∼1 µm of only ∼5.5 µm3. This was a negligible
(∼1%) contribution in the context of average total cell
volume (∼550 µm3). To test whether the presence of pro-
cesses could indicate chondrocytes with a larger volume,
cells within the MZ of cartilage of varying levels of degen-
eration (grade 0–3; Fig. 1) were selected. These were
categorised into cells which either had no process, or
exhibited one or more processes. A 40% baseline threshold
(BT) was used and cell volume calculated (see Materials
and methods). The volume of morphologically normal MZ
chondrocytes increased with degree of cartilage degener-
ation (grade 0–3; P<0.05; one-way ANOVA, data not
shown) as described in Fig. 4. Similarly, the volume of cells
with processes also increased with cartilage grade (P<
0.05; one-way ANOVA, data not shown). However, for a
given cartilage grade, there was no difference between the
volumes of chondrocytes with or without processes (P>
0.05; Student’s unpaired t-test, data not shown). Cells with
processes were further categorised with respect to length
of processes (‘short’ i.e. <8 µm or ‘long’ i.e. >8 µm). How-
ever, the same trends were observed in that the volume of
cells whether they had no processes, or ‘short’ or long’
processes, exhibited an increase with degree of cartilage
erosion. Similarly, within each cartilage grade, there was no
difference between the cell volumes, whether or not the
cells had processes (data not shown). These observations
support the notion that neither the volume of a cytoplasmic
process nor its presence had to be taken into account when
considering in situ chondrocyte volume.
Using the knowledge of the different morphologies of
chondrocytes with respect to their processes, a prelimi-
nary study of the proportion of cells exhibiting cytoplasmic
processes within the three zones of cartilage of different
grades was undertaken. Processes were present within
cells of all zones and for cartilage of all grades. Thus, for
cartilage of grades 0, 1, 2 and 3, of the cell population,
38±8, 35±5, 31±10 and 41±9%, respectively, of all cells
studied exhibited cytoplasmic processes (data from at
least eight joints and 135 cells). There was no significant
trend in the frequency of chondrocytes demonstrating
processes within any of the zones with degree of cartilage
degeneration (P>0.05; one-way ANOVA). The cell pro-
cesses were further categorised into ‘short’ and ‘long’
groups (see above), but this did not appear to affect the
proportion of cells in each of these grades (data not
shown).
Fig. 4. Frequency distribution of chondrocytes’ volume within superficial, mid and deep zones of grade 0 non-eroded, human articular
cartilage. In situ cell images were acquired by CLSM and their volumes measured as described (see Materials and methods). Cells were then
ranked into 50 µm3 bands. The number of cells per group was expressed as a percentage of the total number of cells studied. Curves shown
were drawn by eye.
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IN SITU CHONDROCYTE RESTING VOLUMES OF GRADE 0
NON-FIBRILLATED CARTILAGE
It was now possible to consider changes to chondrocyte
volume associated with grades of cartilage degeneration.
The volumes of chondrocytes grouped by zone (SZ, MZ,
and DZ) within grade 0 cartilage were 396±58 (5[196]),
522±98 (5[237]), and 590±21 (5[122]) µm3, respectively
(data are means±S.E.M. with sample size as (n[N]). There
was an apparent increase in cell volume from SZ through to
the DZ, but this was not significant (P>0.05; one-way
ANOVA). Thus, the volume of MZ chondrocytes was not
different from cells within either the SZ or DZ (P>0.05;
Student’s t-test). However, the volume of DZ cells com-
pared with the SZ (∼49% increase) was significantly greater
(P<0.02; Student’s t-test).
There was a wide range of chondrocyte volumes within
each broad zone studied (see Fig. 4). Cell volumes were
ranked into 50 µm3 bands and expressed as the number of
cells in each band as a percentage of the total number of
cells studied. There was clear overlap of the three curves
showing it was difficult to distinguish the cell volume as a
characteristic of the different zones. Thus, the volume of
cells in the SZ ranged from 193 to 903 µm3, and from 135
to 2093 µm3 and from 273 to 1703 µm3 for MZ and DZ,
respectively. This could, in part, be reflected by the difficulty
of assigning a particular cell to a specific zone due to the
identification of the transition between SZ to MZ, and MZ to
DZ. Despite this, there was marked heterogeneity of cell
volumes in each zone with the suggestion that this was
greatest in the MZ. Although this could result in obscuring
any changes to cell volume associated with cartilage
erosion, the following section shows that significant
increases in chondrocyte volume were found.
THE VOLUME OF IN SITU CHONDROCYTES ASSOCIATED WITH
DEGREE OF ARTICULAR CARTILAGE SURFACE EROSION
Using CLSM, chondrocytes within the three zones of
cartilage exhibiting increasing levels of degeneration were
imaged and volumes calculated. Fig. 5 illustrates the
changes to cell volume associated with cartilage degenera-
tion for chondrocytes within the (a) SZ, (b) MZ and (c) DZ.
SZ cells showed a significant increase from grade 0 to
grade 1 and 2 of +23% and +58%, respectively (P<0.05;
one-way ANOVA). Cells in grade 0 cartilage were smaller
than SZ chondrocytes of grade 2 cartilage (P<0.05; SNK).
As noted previously, grade 3 cartilage did not possess a SZ
[Fig. 1(a)], however, chondrocytes within the MZ of this
cartilage exhibited a large increase in volume of 92%
compared to cells in grade 0 cartilage. The general in-
crease in the volume of cells within grades 0–3 cartilage
was significant (P<0.02; one-way ANOVA), with chondro-
cytes within grade 3 cartilage being larger than those of
grade 0 and 1 tissue (P<0.05; SNK). The trend for the
volume of DZ chondrocytes appeared different compared
to SZ and MZ. There was an apparent increase in the
volume of cells from grade 0 to 1 cartilage (+22%) and from
grade 1 to grade 2 (+49%), but there was then no further
change in cell volume between grade 2 and 3 cartilages.
Consequently, the trend of cell volume increase was not
significant for DZ cells (P>0.05; one-way ANOVA), and
additionally, the volume of DZ cells was not different
between the four grades of cartilage (P>0.05; Student’s
unpaired t-test).
Discussion
This study utilised CLSM to determine the volume and
morphology of fluorescently labeled and relatively unper-
turbed, living in situ chondrocytes within human tibial
plateau cartilage of varying grades of degeneration. The
use of CLSM with intracellular fluorescent dyes is a
powerful technique permitting multiple optical sectioning,
enabling the three-dimensional morphology and calculation
of the volume of living in situ chondrocytes within the
complex ECM to be determined (e.g. references 12, 16,
Fig. 5. The change in chondrocyte volume with degree of cartilage degeneration. Cartilage was graded by the degree of surface erosion
(grades 0–3; see Fig. 1(a)), and chondrocytes grouped into those within the three zones: (a) SZ, (b) MZ or (c) DZ and their volumes
determined (see Materials and methods). SZ and MZ cells exhibited a significant increase in volume with tissue erosion (indicated by † and
††, P<0.05 and P<0.02, respectively; one-way ANOVA). Further investigation by all-pairs Student–Newman Keul’s comparison indicated that
SZ grade 0 was significant smaller than SZ grade 2, and similarly MZ grades 0 and 1 were significantly smaller than grade 3 (P<0.05). Data
were expressed as means±S.E.M. with sample size (n[N]).
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21–24). There was an increase in the volume of chondro-
cytes within the SZ and MZ as a function of cartilage grade.
A similar trend observed for DZ cells was not significant.
The CLSM technique also revealed that a substantial
proportion of chondrocytes within all cartilage grades
exhibited cytoplasmic processes. These striking morpho-
logical features did not significantly influence the volume of
chondrocytes nor indicate cells with larger volume.
In order to visualise in situ chondrocytes within all carti-
lage zones (from SZ to DZ), it was essential to take
cartilage sections with underlying bone where possible,
and study the full-depth transverse section by CLSM.
However, the lack of adequate sub-chondral bone, or its
complete removal from explants could lead to a increase in
tissue hydration because of the weakness of the collagen
network and further fluid imbibition6. If changes to hydration
were not adequately compensated for with volume-
regulatory behaviour, then this could cause cell swelling
leading to an over-estimate of the volume of in situ
chondrocytes within degenerate cartilage. Hence, the
extent of increased cartilage hydration that occurred with
level of cartilage degeneration following excision from sub-
chondral bone was determined (Table I). An increase in wet
weight:initial wet weight from grade 0 to grades 2 and 3
was observed. This trend was similar to that of femoral
head cartilage where healthy tissue excised from bone
does not swell even in water25. Cartilage with a lightly
fibrillated surface increased in hydration throughout the
superficial zone whereas more deeply fibrillated cartilage
swelled particularly in the mid-zone where the GAG content
is relatively high5. It is thought that when the collagen
network is damaged into the mid and deep zones, there is
an increased swelling potential2,5,25. The increase in wet
weight would result from fluid uptake into the cartilage
water compartment. If the imbibed fluid contained no os-
molytes, then the reduction in the osmolarity of the cartilage
water compartment can be estimated. The osmolarity of the
interstitial fluid of the mid-zone of intact cartilage was
estimated to be 380 mOsm26. In grade 3 cartilage, a 31%
increase in wet weight within the water component (∼78%;
Table I), would represent a 41% decrease in osmolarity
giving a resulting osmolarity within the water fraction of
degenerate cartilage of ∼270 mOsm. However, the culture
medium was ∼280 mOsm and thus water would be drawn
out of the cartilage to establish osmotic equilibrium25. It is
not possible for the cartilage interstitial fluid osmolarity to
fall below ∼280 mOsm irrespective of the degree of tissue
degeneration.
With this in mind, it is possible to estimate the cell
swelling that would occur from the increase in tissue
hydration alone. If the cells behaved as perfect osmom-
eters (as shown for bovine chondrocytes; reference 12),
then with tissue osmolarity reduced from 380 to
280 mOsm, the cell volume would increase to ∼597 µm3.
This is an increase of 14% from the average volume of MZ
chondrocytes in grade 0 cartilage of 522 µm3 (see Results).
This assumes that chondrocytes within grade 3 human
cartilage respond osmotically in the same way as bovine
chondrocytes within grade 0 cartilage. This would repre-
sent the maximum increase in cell volume resulting from
the swelling of grade 3 cartilage after excision of sub-
chondral bone that could occur. This estimate is useful
because the cell swelling observed as a function of carti-
lage grade was markedly above this value (∼90% in grade
3 cartilage; Fig. 5). Therefore the resting volume of
chondrocytes within degenerate cartilage was considerably
greater than that which might occur as a result of removal
of sub-chondral bone, or following the increased cartilage
hydration associated with tissue degeneration. Thus, the
chondrocyte swelling as a function of cartilage grade must
arise from factors other than increased cartilage hydration,
e.g. elevated cell osmolyte concentration.
CLSM measurements of in situ MZ chondrocyte volumes
were performed to determine the effects of excision of
sub-chondral bone more directly. For grade 2 cartilage,
there was no significant change in cell volume following this
manoeuvre after either 20 min or 2 h. It is possible that
the changes in volume could not be detected using our
methods. However, our previous studies show that we
could detect an increase in volume of ≥5%12. It is more
likely that any increase in cell volume as a result of
elevated cartilage hydration following removal of sub-
chondral bone was compensated for by simulation of
RVD leading to volume recovery. In bovine16,27–30 and
human chondrocytes within non-degenerate or degenerate
cartilage31, RVD is rapid following cell swelling and capable
of restoring cell volume to initial values within 20 min.
These experiments and theoretical estimates suggest that
the extent of cell swelling arising from the lack or absence
of sub-chondral bone is likely to be small (i.e. <15% cell
swelling), and probably offset by RVD.
Chondrocyte clustering within degenerate cartilage was
occasionally seen as described by others (e.g. reference
18) but was only evident near severe tissue fibrillation. A
more common observation that was revealed because of
the need to optimise the CLSM image for volume measure-
ments (Figs. 2 and 3) was the striking morphological
properties of a large proportion of in situ chondrocytes. The
cytoplasmic processes reported here do not yet appear to
have been described13,20,24,32,33 and thus to our knowl-
edge the present work represents a first proposal for their
existence. Further detailed morphological study of this was
not performed here, because smaller z increments than
those used for volume measurements (1 µm) would be
required. Cells with processes were found in all zones and
at all stages of cartilage degeneration (P. G. Bush and A. C.
Hall, unpublished). Initially it was thought that the cytoplas-
mic processes indicated chondrocytes of larger volume
than normal, with the cells swelling and extending into a
region of mechanical instability within the pericellular/
territorial matrix. However, in the same zone and using the
same baseline threshold for volume measurements, the
presence of a process did not indicate a cell of larger
volume compared to those without a process (see Results).
Thus, neither the presence of a process nor its volume
influenced the conclusions about the relationship between
cartilage degeneration and cell volume.
Some features of in situ chondrocyte morphology are
already well established, for example, the progression of
chondrocyte shape from ellipsoidal to spheroidal forms with
articular cartilage depth [Fig. 1(b); reference 15). Using the
electron microscope, the membrane surface of fixed
chondrocytes appears highly irregular15,28 with short cyto-
plasmic processes of <1 µm. Furthermore, the chondro-
cytes of a variety of species possess a primary
cilium20,32,33. Here, the visualisation of in situ human
chondrocytes was optimised for volume/morphological
analysis, and a large proportion (∼40%) of cells, even in
non-eroded grade 0 cartilage demonstrated a cytoplasmic
process (Figs. 2 and 3). These might not have been
observed by others because it is unlikely that such pro-
cesses would be visualised in single histological sections
where fixation artefacts might occur. We do not know if
these processes are a normal property of chondrocytes
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within the human tibial plateau. It is also unknown if they
are age-related because we have only studied a relatively
narrow and older age range with the present focus being on
the cell volume changes associated with cartilage degen-
eration. The changes to the ECM between OA and ageing
are very different1 and it is more likely that processes would
develop into a weakened over-hydrated matrix, rather than
the resilient ‘under-hydrated’ ECM of aged cartilage. It is
unlikely that these processes are cilia20,32, because cilia
are much smaller and unlikely to be visualised by CLSM
without specific labeling. We have imaged thousands of
calcein-labeled chondrocytes within mature articular carti-
lage of various species (bovine, equine) and have never
observed structures resembling processes or cilia (P. G.
Bush, unpublished) although the latter structures are
observed in these species by electron microscopy20,32. The
lack of cytoplasmic processes in the chondrocytes of other
species studied also tends to rule out the possibility that
they arise from artefacts of tissue preparation for CLSM.
From these data, it is not possible to explain the basis for
the cytoplasmic processes. However, if their development
reflects ‘abnormal’ chondrocyte morphology, then both
‘passive’ and ‘active’ hypotheses could be proposed. A
‘passive’ theory would suggest a localised weakening of the
pericellular matrix near the cell (e.g. from GAG loss)
providing a pathway or ‘micro-fissure’ through which a
process could develop. Alternatively, an ‘active’ hypothesis
would suggest that initially, there are alterations to chondro-
cyte metabolism which favour the production of degrada-
tive enzymes leading to local matrix weakening thus
providing a route for the development of a process(es).
Whatever the mechanism, alterations to chondrocyte mor-
phology could indicate changes to the interactions between
the cells and the ECM which are mediated by cell surface
receptors, e.g. the integrins (e.g. reference 34). It is poss-
ible that changes to the chondrocyte phenotype (e.g. refer-
ences 35–37) as reflected in the striking changes to
morphology reported here, could result in modifications to
ECM metabolism.
The trend between the volume of chondrocytes within the
SZ and MZ and cartilage grade (Fig. 5) suggests the
progressive failure of volume regulation by cells with
degree of cartilage degeneration. The increase in cell
volume is considerably greater than that expected from
changes to tissue hydration suggesting that chondrocyte
over-hydration occurs with cartilage failure. Chondrocytes
are highly permeable to water and within limits the ECM of
healthy cartilage does not restrict cell volume changes12.
The excessive increase in cell volume with cartilage degen-
eration could arise from any or all of the following four
mechanisms: (a) an increase in the content of intracellular
organelles without a change in cellular osmolarity; (b) a rise
in the concentration of intracellular osmolytes leading to a
change in the Gibbs–Donnan equilibrium and increase in
resting volume38; (c) reduced RVD capacity (resulting in
cell swelling), and/or (d) increased RVI activity causing
osmolyte accumulation and cell swelling. The first process
could arise if there was an increase in the volume of
intracellular organelles so as to cause a rise in cell volume
but no change in water content. This could arise from
changes to chondrocyte metabolism (e.g. protein synthe-
sis) associated with cartilage degeneration. Process (b)
could be related to (a) but in this case would occur with
a rise in the intracellular osmolarity resulting in water
accumulation and cell swelling. However, for (c), prelimi-
nary observations suggest that the RVD capacity of
chondrocytes isolated from non-eroded or degenerate
cartilage was not different27. The situation with RVI as
implicated for (d) is currently unclear. This mechanism is
not well developed in isolated chondrocytes at least, since
a hypertonic challenge does not stimulate RVI39. However,
it is very difficult to extrapolate these experiments which
study acute osmotic challenges to explain the chronic
changes to cartilage and chondrocyte hydration observed
here which occur over many months/years. Indeed, it is
possible that small changes to all four factors over a long
period of time could be involved.
These results show that the chondrocyte swelling in
grade 2 and 3 cartilage parallels the increase in tissue
hydration (Fig. 5). Cartilage swelling probably occurs when
there is loss of collagen network integrity in the superficial
zone which normally restrains the swelling of the GAGs of
the mid-zone1. However, a key question is whether the
increase in chondrocyte volume arising from the mech-
anisms described above precedes cartilage degeneration
or if there is cartilage failure which then directly or indirectly
causes chondrocyte swelling. In any event, the chondro-
cyte swelling by its effects on matrix metabolism could play
a role in the ‘vicious cycle’ of cartilage failure which occurs
in OA17,19,23. The increased volume of chondrocytes in OA
could exacerbate cartilage failure by other mechanisms.
For example the swelling of in situ chondrocytes by
reduced osmolarity elevates their sensitivity to impact
injury, whereas decreasing cell volume renders them less
susceptible40.
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